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Bacteria-responsive microRNAs regulate plant innate immunity
by modulating plant hormone networks
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Abstract MicroRNAs (miRNAs) are key regulators of
gene expression in development and stress responses in
most eukaryotes. We globally profiled plant miRNAs in
response to infection of bacterial pathogen Pseudomonas
syringae pv. tomato (Pst). We sequenced 13 small-RNA
libraries constructed from Arabidopsis at 6 and 14 h post
infection of non-pathogenic, virulent and avirulent strains
of Pst. We identified 15, 27 and 20 miRNA families being
differentially expressed upon Pst DC3000 hrcC, Pst
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DC3000 EV and Pst DC3000 avrRpt2 infections, respec-
tively. In particular, a group of bacteria-regulated miRNAs
targets protein-coding genes that are involved in plant
hormone biosynthesis and signaling pathways, including
those in auxin, abscisic acid, and jasmonic acid pathways.
Our results suggest important roles of miRNAs in plant
defense signaling by regulating and fine-tuning multiple
plant hormone pathways. In addition, we compared the
results from sequencing-based profiling of a small set of
miRNAs with the results from small RNA Northern blot
and that from miRNA quantitative RT-PCR. Our results
showed that although the deep-sequencing profiling results
are highly reproducible across technical and biological
replicates, the results from deep sequencing may not
always be consistent with the results from Northern blot or
miRNA quantitative RT-PCR. We discussed the procedural
differences between these techniques that may cause the
inconsistency.

Keywords MicroRNAs - Post transcriptional regulation -
Bacterial infection - Deep sequencing - Innate immunity -
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Introduction

MicroRNAs (miRNAs) are small noncoding RNAs that
exist in most eukaryotic genomes (Carthew and Sonthei-
mer 2009; Bartel 2004; Baulcombe 2004). They play a
fundamental role in almost all biological processes,
including development, hormone signaling and response to
biotic and abiotic stresses (Bartel 2004; Rubio-Somoza
et al. 2009; Jin 2008; Sunkar et al. 2007; Padmanabhan
et al. 2009). miRNAs function through partial comple-
mentary base pairing to messenger RNAs (mRNAs),
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resulting mainly in post-transcriptional regulation of the
targeted genes. Information of miRNA abundance under
various conditions can thus provide insight to their regu-
latory functions.

Several studies have shown that small RNAs play a
critical role in disease resistance responses (Jin 2008;
Padmanabhan et al. 2009; Navarro et al. 2006; Katiyar-
Agarwal et al. 2006, 2007; Gibbings and Voinnet 2010).
miR393 can be induced by bacterial elicitor flg22 and
positively contributes to pathogen associated molecular
pattern (PAMP)-triggered immunity (PTI) by silencing
auxin receptors and subsequently suppressing auxin sig-
naling (Navarro et al. 2006). Auxin promotes plant growth,
which provides carbon and nitrogen sources for biotrophic
pathogens and increase their virulence and susceptibility.
In addition, auxin can also promote pathogenesis by sup-
pressing salicylic acid (SA)-mediated defense responses
(Chen et al. 2007; Achard et al. 2007; Grant and Jones
2009; Spoel and Dong 2008). Small RNA profiling analysis
using deep sequencing revealed that in addition to miR393,
miR167 and miR160 were also induced by a non-patho-
genic Pseudomonas syringae pv. tomato (Pst) DC3000
strain with a mutated type III secretion system hrcC
(Fahlgren et al. 2007). Profiling of AGOIl-bound small
RNA after fig22 treatment revealed the role of miR160a,
miR398b and miR773 in callose deposition, indicating
their involvement in PAMP triggered immunity (Li et al.
2010). miR398 is involved in both biotic and abiotic
responses (Sunkar et al. 2006; Jagadeeswaran et al. 2009).
It is down-regulated by bacterial pathogen Pst DC3000
(avrRpt2) or Pst (avrRpml). In A. tumefaciens, introduced
T-DNA genes can trigger RNA silencing, which was then
suppressed by an oncogenic protein. Accumulation of
miR393 and miR167 was greatly reduced in C58-induced
tumors in plants (Dunoyer et al. 2006). Furthermore,
induced host pathogenesis-related (PR)-gene expression
and TMV resistance in A. tumefaciens were correlated with
an increased expression of miR393 in the infiltrated area
with C58 but not those with a disarmed control (Pruss et al.
2008). In Pinus taeda, the expression of 10 tested miRNA
(pta-miRNA) families were significantly repressed in the
fusiform rust fungus (Cronartium quercuum) infected
galled stem compared to healthy stem (Lu et al. 2007).
Furthermore, the expression of ~82 plant disease-related
transcripts was detected to be altered in response to
miRNA regulation in pine (Lu et al. 2007). In Brassica,
miR 1885, which was predicted to target TIR-NBS-LRR
class genes, was induced in Turnip mosaic virus infected
plants (He et al. 2008).

In this paper, we studied the expression of the miRNAs
in Arabidopsis in response to infection of non-pathogenic,
virulent and avirulent bacterial Pst strains using Illumina
SBS high-throughput sequencing. Our results indicate that
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miRNAs contribute to plant immunity by regulating mul-
tiple hormone-signaling pathways and some stress-
responsive genes. We also compared the results from
sequencing-based profiling with those from small RNA
Northern blot and miRNA quantitative RT-PCR, revealing
some inconsistency between these general techniques. We
discussed the procedural differences between these two
methods that may lead to the inconsistency.

Results

Identification of Pst-regulated miRNAs by deep
sequencing

To examine the expression of Arabidopsis miRNAs in
response to the infection of various strains of bacterial
pathogen Pst, we performed a small-RNA profiling anal-
ysis using Illumina SBS deep sequencing. RNAs were
isolated from 4-week-old short-day grown Arabidopsis
Col-0 plants after 6 and 14 h post-inoculation (hpi) of
mock (10 mM MgCl,), a non-pathogenic strain Pst
DC3000 hrcC, a virulent strain Pst DC3000 carrying an
empty vector (EV), and an avirulent strain Pst DC3000
carrying an effector avrRpt2 (eight libraries). We included
biological replicates for mock 6-hpi, mock 14-hpi, Pst
DC3000 hrcC 14-hpi and Pst DC3000 (avrRpt2) 14-hpi
samples; we also sequenced one of the Pst DC3000
(avrRpt2) 14-hpi samples twice to ensure the reproduc-
ibility of the sequencing results (five libraries in total). Pst
DC3000 hrcC induces PTI triggered by the recognition of
PAMPs by host PAMP recognition receptors. Pst DC3000
(EV) induces effector—triggered susceptibility (ETS) by
injecting effector proteins into the plant cell to suppress
PTI (Chisholm et al. 2006; Jones and Dangl 2006). Pst
DC3000 (avrRpt2) induces effector-triggered immunity
(ETI) and hypersensitive response (HR) in Col-0 carrying
cognate resistance gene RPS2 and leads to cell death
symptom usually at 15-hpi under the condition and con-
centration we used. Our samples were collected at 14-hpi
before HR could be visualized. Sequencing reads with
recognizable adaptor sequences removed were compared
with Arabidopsis nuclear, chloroplast, mitochondrial gen-
ome sequences and cDNAs. From a total of more than 24.6
million sequence reads from all libraries, we obtained
13,985,938 total reads that have high sequencing quality
(i.e., with no N’s), contain a 3’ sequencing adaptor
sequence, and can map perfectly to the Arabidopsis gen-
ome and cDNA sequences with zero mismatches. This
large collection of deep-sequencing data has been depos-
ited to the NCBI/GEO databases (GSE19694). The data
have been recently analyzed to identify Arabidopsis
miRNA precursors that can harbor more than one authentic
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miRNAs (Zhang et al. 2010) and miRNA precursors that
produce, at the same sites, miRNAs as well as siRNAs,
some of which guide DNA methylation at their target loci
(Chellappan et al. 2010). In the current study, we further
analyze the deep sequencing data to understand the func-
tion of miRNAs in response to the challenge of bacterial
infection.

Within the small-RNA population, 21- and 24-nt small
RNA species are the two most abundant among all size
classes (Fig. la). Within the reads that can map to the
known miRNAs, 80% have length of 21-nt (Fig. 1c). More
than 90% of these miRNA reads start with a uracil (Fig. 1d),
which is in shape contrast to the first nucleotide distribution
of all small RNA reads (Fig. 1b). This result is consistent
with the current understanding of miRNA composition. We
also examined these distributions for individual conditions,
but no obvious difference among them and the results in
Fig. 1 was observed (data not shown).

Although a detailed characterization of miRNA
expression, particularly the absolute expression level of a
miRNA, is useful, identification of differentially expressed
(DE) miRNAs at the whole genome level in response to
environmental stimuli or endogenous cues is often desir-
able for elucidating miRNA function in particular cellular
processes. To identify DE miRNAs, we need to consider
the reproducibility of sequencing data. We first sequenced
one of the libraries, Pst DC3000 (avrRpt2) 14-hpi, twice
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Fig. 1 Distributions of lengths and the first nucleotides of small
RNAs and miRNAs from the 13 small-RNA sequencing data.
a Length distribution of all sequencing reads (“all”) that have a 3’
sequencing adaptor, are of high quality and can perfectly map to the
Arabidopsis genome or cDNA sequences, and distribution of those
reads in “all” that exclude miscellaneous noncoding RNAs, including
tRNAs, rRNAs, snRNAs and snoRNAs (“all no misc™). Horizontal

and compared the numbers of sequence reads that map to
miRNAs. The counts of reads in each library were nor-
malized to the numbers of reads per million (RPM) to
adjust for the differences in library sizes or sequencing
depths (see “Methods”). As shown in Fig. 2a, the nor-
malized numbers of reads for miRNAs in two technical
duplicates for the Pst DC3000 (avrRpt2) 14-hpi sample
were strongly correlated, with the square of the correlation
coefficient exceeded 0.94 and the slope of linear regression
being 0.9766. We also sequenced biological replicates
under 4 conditions. The normalized result on the biological
replicates for mock 14-hpi was also highly correlated, with
the square of the correlation coefficient of 0.838 and the
slope of linear regression of 0.809 (Fig. 2b). The results on
the other three pairs of biological replicates, i.e., that for
mock 6-hpi, DC3000 hrcC 14-hpi and Pst DC3000
(avrRpt2) 14-hpi, were also well correlated (data not
shown), similar to that in Fig. 2b. These results showed
that the read counts of miRNAs from Illumina high-
throughput sequencing are highly reproducible and the read
counts of a miRNA in different small-RNA libraries are
good indicators of the abundance of the miRNA in the
corresponding biological samples.

We mapped the adaptor-trimmed sequence reads to the
known miRNA loci to detect the expressed miRNAs. In
this mapping process, we only considered perfect matches
and those reads whose first nucleotide to be within 3-nt
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axis shows the sequence lengths and the vertical axis is the percent of
sequences of a particular length. b Distribution of the first nucleotides
of “all” and “all no misc” reads in a, respectively. ¢ Length
distribution of sequence reads that perfectly map to the known
miRNAs. ¢ Distribution of the first nucleotides of reads mapped to the
known miRNAs
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Fig. 2 Correlation of miRNA abundances between a two technical
duplicates for the Pst (avrRpt2) 14-hpi, and b two biological
replicates for mock 14-hpi from Illumina high-throughput deep
sequencing

upstream or down-stream of the starting position of the
annotated starting position of a miRNA to compensate the
imperfect cleavage activities of Dicer-like proteins (DCLs).
We detected the expression of Arabidopsis miRNAs in 86
families (Supplemental Table 1).

The sequence reads mapped to miRNAs were then
normalized (see “Methods™). Based on the normalized
read counts of miRNAs, DE miRNAs were identified using
stringent criteria combining fold change and a Chi-square
test across the infection conditions of interest and the
respective mock treatments. Specifically, we used strict
criteria of at least 10 raw sequence reads, at least threefold
change between the infected and the mock, and a P-value
for a Chi-square test no greater than 0.05 (see “Methods”).
We identified a substantial number of DE miRNAs
responding to pathogen infections. The DE miRNAs for the
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three infection conditions at the two time points and their
fold changes are shown in Fig. 3. In particular, we identi-
fied 15, 27 and 20 miRNA families to be differentially
expressed upon Pst DC3000 hrcC, Pst DC3000 (EV) and
Pst DC3000 (avrRpt2) infections at either 6- or 14-hpi,
respectively (Fig. 3). Overall, Pst DC3000 hrcC had the
least effect on miRNA expression, whereas Pst DC3000
(EV) affected the expression of the most miRNAs among
the three strains we studied (Fig. 3). Among all the miR-
NAs, miR158 was highly induced by all three strains at
14-hpi, and by Pst DC3000 (EV) and Pst DC3000
(avrRpt2) at 6-hpi (Fig. 3). miR158 targets several genes
encoding PENTATRICOPEPTIDE REPEAT (PPR)
domain-containing proteins, as well as FUCOSYLTRANS-
FERASE genes (AtFUTI and AtFUT2) that encode glyco-
syltransferases for cell wall xyloglucan biosynthesis.
PPR-domain containing proteins are mostly mitochondria
or chloroplasts localized putative RNA binding proteins
involved in RNA processing, metabolism, editing or
translation. Their function in plant disease resistance
remains to be explored. An untypical PPR-domain-
containing protein gene PPRL is a target of an endogenous
nat-siRNA and negatively regulates Pst DC3000 (av-
rRpt2)-triggered ETI (Katiyar-Agarwal et al. 2006). Inter-
estingly, miR403, which targets RNAi effector genes
ARGONAUTE 2 (AGO2) and AGO3, was the only miRNA
that was suppressed by all the three strains at 14 hpi, and
weakly by Pst DC3000 (avrRpt2) and Pst DC3000 hrcC at
6 hpi (Fig. 3), this result suggests the potential role of
AGO2 and AGO3 in plant immunity.

Notably, several miRNAs that regulate plant hormone
signaling and biosynthesis were differentially expressed
under bacterial infection. Firstly, the expression of a group
of miRNAs involved in auxin signaling pathways was
largely altered. Both miR160 and miR167 that target Auxin
Response Factors (ARFs) were both induced by all of the
three Pst strains at 6-hpi (Fig. 3). miR390 (miR390a),
which triggers the production of TAS3 trans-acting siRNAs
(ta-siRNAs) that also regulate another subset of ARFs,
mainly ARF3 and ARF4, was down-regulated at 6-hpi of
virulent strain Pst DC3000 (EV) (Fig. 3b). More than 30%
of the 23 ARFs in Arabidopsis could be regulated by
miR 160, miR167 or miR390/TAS3 tasiRNAs, and function
as positive or negative regulators of auxin signaling path-
ways (Guilfoyle and Hagen 2007). In addition, miR393,
which targets auxin receptors, TIRI, AFB2 and AFB3, was
also differentially regulated by Pst DC3000 (EV), Pst
DC3000 hrcC and Pst DC3000 (avrRpt2) at 6- or 14-hpi,
respectively (Fig. 3). Secondly, miR159 was down-regu-
lated by Pst DC3000 (EV) and Pst DC3000 (avrRpt2) at
6-hpi, but up-regulated by Pst DC3000 (avrRpt2) at 14-hpi
(Fig. 3b, c¢). miR159 targets transcription factors MYB33,
MYB65 and MYCI01, the homologous genes of the
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Fig. 3 Differentially expressed (a) hrec
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barley GAMYB that activates Gibberellin (GA)-signaling
pathways (Reyes and Chua 2007; Millar and Gubler
2005). MYB33 and MYBI101 act as positive regulators of
ABA signaling pathways in Arabidopsis (Reyes and Chua
2007).

Furthermore, stress-related miRNAs were also differ-
entially regulated by bacteria-challenges. miR398, which
targets Copper/Zinc superoxide dismutase genes (CSDs),
was repressed at 14-hpi of Pst DC3000 hrcC and Pst
DC3000 (avrRpt2) (Fig. 3a, c), which is consistent with an
early result (Jagadeeswaran et al. 2009). Pst DC3000 hrcC
triggers PTI and Pst DC3000 (avrRpt2) triggers ETI
(Chisholm et al. 2006; Jones and Dangl 2006). Both
immunity responses trigger oxidative burst resulting in the
rapid accumulation of reactive oxygen species (ROS)
(Lamb and Dixon 1997). Down-regulation of miR398
under the same conditions will lead to elevated level of
CSD that help detoxify increased ROS. miR398 is also
suppressed by flg22 (Li et al. 2010). Overexpression of
miR398b negatively regulates callose deposition and
exhibits enhanced susceptibility to virulent and non-path-
ogenic strains of Pst (Li et al. 2010). miR408, which was

97
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predicted to target copper protein plantacyanin, laccase
copper protein and copper ion binding protein genes, was
first induced at 6-hpi (Fig. 3) and then down-regulated at
14-hpi by Pst DC3000 hrcC and Pst DC3000 (avrRpt2)
(Fig. 3a, c¢). miR398 and miR408 are also differentially
regulated by abiotic stresses (Trindade et al. 2010; Abdel-
Ghany and Pilon 2008), suggesting their general roles in
stress responses.

Expression validation using small RNA Northern blot
analysis

To confirm the results we obtained from small-RNA deep
sequencing, we performed a small-RNA Northern blot
analysis to further validate several miRNAs that were
detected as differentially expressed by deep sequencing.
We found that the majority of small RNA Northern blot
results were consistent with the deep sequencing data
(Fig. 4). For example, at 6-hpi miR160 was induced in all
three treatments as determined by both methods (Figs. 3,
4a). miR408 was induced at 6-hpi in Pst DC3000 hrcC
and Pst DC3000 (avrRpt2) as detected by both methods
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Fig. 4 Small RNA Northern
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(Figs. 3a, c, 4a). Up-regulation of miR822 in Pst DC3000
(avrRpt2) and Pst DC3000 (EV) treatments observed in
Northern blot (Fig. 4a) was consistent with the result from
deep sequencing (Fig. 3b, c). At 14-hpi, miR158 was
induced by all the three strains and the inductions shown in
the data from the deep sequencing and Northern blot
matched each other well. Similarly, miR159 and miR393
were induced whereas miR408 and miR822 were sup-
pressed by Pst DC3000 (avrRpt2) (Fig. 4b), which were
also consistent with the results from the deep sequencing
data (Fig. 3c).

On the other hand, we also observed some discrepancies
between the levels of miRNA expression measured by
high-throughput sequencing and Northern blot (Figs. 3, 4).
For example, in the deep sequencing results of 6-hpi,
miR159 was repressed by Pst DC3000 (EV) and Pst
DC3000 (avrRpt2) (Fig. 3b, ¢), miR393 was down-regu-
lated by all three infections (Fig. 3), and miR162 was
induced by Pst DC3000 (EV) (Fig. 3b). On the contrary,
none of these miRNAs showed clear change under any of
these conditions in the Northern blot analysis (Fig. 4).
Similarly, our deep sequencing data showed that miR398
was induced by Pst DC3000 (EV) at 6-dpi (Fig. 3b),
however, Northern blot analysis by Jagadeeswaran et al.
did not detect any clear difference of miR398 expression
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under the same condition (Jagadeeswaran et al. 2009). On
the other hand, Northern blot analysis also detected some
expression changes that were not detected by deep
sequencing. For example, our small RNA Northern blot
analysis revealed that miR319 and miR852 were clearly
induced by Pst DC3000 hrcC and Pst DC3000 (avrRpt2) at
14-hpi (Fig. 4b), while the deep sequencing profiling failed
to detect these differential expressions (Fig. 3). To further
examine this observation, we selected three miRNAs
(miR159, miR408 and miR319) and quantified them by
miRNA real time quantitative RT-PCR (QRT-PCR)
(Fig. 5). In consistent with the result from Northern blot
and deep sequencing results, QRT-PCR results showed
that miR159 was up-regulated and miR408 was down-
regulated in Pst DC3000 hrcC, Pst DC3000 (EV) and Pst
DC3000 (avrRpt2) as compared with mock treatment at
14-hpi (Fig. 5a, b). miR319 showed an overall up-regula-
tion in the treatments of Pst DC3000 hrcC, Pst DC3000
(avrRpt2) and Pst DC3000 (EV) as compared with the
mock (Fig. 5c), which is consistent with the Northern blot
analysis (Fig. 4), although it detected more induction of
miR319 by Pst DC3000 hrcC and less induction of miR319
by Pst DC3000 (avrRpt2) than that in Northern blot anal-
ysis. The possible causes of discrepancies among these
three techniques are included in “Discussion” section.
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Expression analysis of the targets of bacteria-regulated
miRNAs

To determine whether the expression change of miRNAs
in response to Pst infection altered the expression of their
targets, we analyzed the public microarray dataset from
the AtGenExpress Consortium (ME00331) collected from
the same treatments as our small RNA libraries (see
“Methods”), i.e., Pst DC3000 (EV)- and Pst DC3000
hrcC-infected plants at 6-hpi. We used miRNA targets
that were previously validated to analyze the functions of
some of the miRNAs that had a significant expression
change between a treatment and the mock (see “Meth-
ods”). We focused on those miRNAs that had at least
threefolds of expression change in an infection relative to
the mock (Fig. 3) and their protein-coding targets that
exhibited an anti-correlated expression with respect to that
of the targeting miRNAs. The results are listed separately
in Supplemental Table 2. The expression of 12 mRNA
target genes, including miR160 and miR167 targets
ARFS, ARF10, ARF16, and ARF17, miR393 targets TIRI,
AFB2 and AFB3, and miR159 targets MYB33 and MYBG65,
was negatively correlated with their corresponding miR-
NAs under the infection of Pst DC3000 hrcC at 6-hpi
(Supplemental Table 2a). Under the infection of Pst
DC3000 (EV) at 6-hpi, 28 mRNA target genes had
expression anti-correlated to the expression of their tar-
geting miRNAs (Supplemental Table 2b). Again, miR160,

miR167, miR393 that involved in auxin signaling path-
way and miR159 that involved in ABA signaling pathway
were on the list.

Although many miRNAs and targets exhibited similar
anti-correlated expression patterns in both Pst DC3000
hrcC and Pst DC3000 (EV), a substantial number of
miRNA/target pairs were infection specific. Specifically,
miR166/ATHB-15, miR167/ARFS8, miR393/AFB2, and
miR393/At3G23690 (a bHLH protein) were specific to Pst
DC3000 ArcC at 6-hpi, whereas ten miRNAs (i.e., miR158,
miR161, miR162, miR167, miR171, miR394, miR396,
miR402, miR775, and miR847) and their twenty targets
listed in Supplemental Table 2b were anti-correlated spe-
cifically in Pst DC3000 (EV). These results suggest that
there was specific regulation mediated by miRNAs in the
non-pathogenic, compatible and incompatible interactions
between bacteria and host, although largely overlapped
patterns of miRNA expression were observed. In particular,
miR 162, which targets DCLI, and miR775, which targets a
galactosyltransferase family protein, may play a rather
specific role in compatible interaction. Future in-depth
functional analysis on these miRNAs and their targets in
plant defense responses may help address this question. It
is already known that bacteria pathogens can suppress
miRNA pathway by injecting certain effector proteins into
the plant cell (Navarro et al. 2008). It is likely that the
virulent strain Pst DC3000 (EV) utilizes an additional
approach to suppress miRNA pathway by inducing miR162
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and subsequently down-regulating DCLI, and thus pro-
motes disease. Furthermore, not all the target genes were
negatively regulated by corresponding DE miRNAs in a
given condition. For example, miR167 was negatively
correlated with 3 targets, including ARFS8, under the
infection of Pst DC3000 hrcC at 6-hpi (Supplemental
Table 2a), but regulated ARF6 instead in response to Pst
DC3000 (EV) (Supplemental Table 2b), suggesting that
DE miRNAs may selectively regulate their targets under
certain conditions and this type of selective regulation is
prevalent. Indeed, this phenomenon of selective regulation
of miRNAs was observed previously in other studies, e.g.,
that in (Rubio-Somoza et al. 2009; Jagadeeswaran et al.
2009). For example, miR398 was suppressed by Pst
DC3000 (avrRpt2) or Pst (avrRpml). Only one of the two
targets, CSD1, was derepressed, but the other target, CSD2,
was slightly repressed (Jagadeeswaran et al. 2009). Both

Fig. 6 Expression analysis of
miRNA target genes using
quantitative real time RT-PCR.
Relative expression levels of

a At2g03220 (miR158 target),
b At5g06100 (miR159 target),
¢ At5g60690 (miR166 target)
and d At3g15030 (miR319
target), e At2g02850 (miR408
target) at 14-hpi of Pst DC3000
hrcC, Pst DC3000 (EV), and
Pst DC3000 (avrRpt2) 0.2
infections as compared with the
mock treatment. The
comparative threshold cycle
(Ct) method was used (Bulletin
5279, Real-time PCR
applications Guide, Bio-Rad),
with actin as an internal control.
Similar results were obtained
from two biological replicates
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correlation between the expression levels of the mRNA
targets and their corresponding miRNAs. In addition,
TCP4, the target of miR319 was strongly down-regulated
by Pst DC3000 (avrRpt2), but weakly repressed by Pst
DC3000 (EV) (Fig. 6d). This result is consistent with the
results from miRNA QRT-PCR and Northern blot where
miR319 was induced by Pst DC3000 (avrRpt2). In sum-
mary, these results provided insightful information of
miRNA-mediated gene regulation in bacterial pathogen
infection.

Discussion

miRNAs orchestrate hormone signaling pathways
for defense response in plant

We identified a group of miRNAs that were differentially
expressed after the infection of bacterial pathogen Pst
using small RNA profiling by Illumina SBS high-
throughput deep sequencing. Notably, many of these bac-
teria-regulated miRNAs manipulate the components of
plant hormone signaling pathways, including auxin, ABA
and jasmonic acid (JA) signaling pathways. Among them,
miR160, miR167, miR390 and miR393 all regulate genes
involved in the auxin signaling pathway, including differ-
ent ARFs and auxin receptors. Auxin is an essential phy-
tohormone for growth and development. Many biotrophic
pathogens could synthesize auxin or auxin-like molecules
to promote virulence (Navarro et al. 2006; Chen et al.
2007; Wang et al. 2007). Pst DC3000 (avrRpt2) (when
expressed in a rps2 mutant background) promotes auxin
signaling/biosynthesis (Chen et al. 2007). As a result, host
plants have developed several counter measures, including
miRNA-mediated gene regulation, to suppress auxin sig-
naling and subsequently inhibit pathogen growth (Navarro
et al. 2006; Wang et al. 2007). Our data suggested that
miR160, miR167, miR390 and miR393 regulated the
expression of a group of signaling genes that were involved
in various steps of auxin signaling, and thus contributed to
the inhibition of pathogen growth. miR393 was shown to
be induced by bacterial elicitor flg22 to repress the
expression of auxin receptor genes (Navarro et al. 2006).
Pst DC3000 hrcC could induce miR160, miR167 and
miR393 at 3-hpi (Fahlgren et al. 2007). We observed
similar induction patterns of miR160 and miR167 at 6-hpi
in our study. However, we did not observe clear changes of
miR393 expression at 6- and 14-hpi after Pst treatment in
our Northern blot analysis, suggesting that miR393 may
regulate auxin signaling at an early stage of bacterial
infection.

Our small RNA Northern blot analysis revealed
that miR319 was induced by Pst DC3000 hrcC and Pst

DC3000 (avrRpt2) at 14-hpi (Fig. 4). miR319 targets TCP
(TEOSINTE BRANCHED/CYCLOIDEA/PCF) transcrip-
tion factor family genes which directly regulate LIPOXY-
GENASE?2 (LOX2). LOX2 encodes a chloroplast-localized
enzyme that is responsible for the first step in the JA bio-
synthesis pathway (Schommer et al. 2008). Because JA
signaling is usually antagonistic to salicylic acid (SA)
signaling, while SA signaling is important for plant defense
against biotrophic pathogens, including Psz. Down-regu-
lation of JA biosynthesis by miR319 through TCP genes in
response to Pst DC3000 ArcC and Pst DC3000 (avrRpt2)
would promote SA-mediated plant resistance responses.

Furthermore, miR159 was induced by Pst DC3000
(avrRpt2) at 14-hpi (Figs. 3c, 4). miR159 targets tran-
scription factors MYB33 and MYBI01, both of which are
positive regulators of ABA signaling pathways (Reyes and
Chua 2007). Although ABA plays a positive role in anti-
bacterial defense at early infection stage by regulating the
pre-invasive stomata-based responses (Melotto et al. 2006).
ABA was shown to attenuate SA-mediated resistance at
later infection stages and can also suppress callose depo-
sition in response to flg22 (de Torres-Zabala et al. 2007).
Bacterial effectors, such as AvrPtoB, promote ABA bio-
synthesis to suppress SA signaling pathway (de Torres-
Zabala et al. 2007). Induction of miR159 suppresses ABA
signaling via MYB33 and MYBI0I, which activates SA
signaling pathway and subsequently promotes SA-medi-
ated defense responses.

It is worth noting that, in many cases, the avirulent strain
Pst DC3000 (avrRpt2) induces miRNAs to a higher level
than by non-pathogenic Pst DC3000 (hrcC) and virulent
strains Pst DC3000 (EV). Figure 4 shows several such
examples, including miR158, miR159, miR166 and
miR319. miR159 and miR319 suppress components
involved in ABA and JA signaling pathways and subse-
quently promote SA-mediated defense signaling pathway.
These results suggest that plants have more miRNAs
involved in multiple hormone signaling pathways to trigger
stronger and faster defense responses in ETI than in non-
pathogenic strain and virulent strain-induced PTI. Similar
observations were made in early mRNA profiling studies
(Tao et al. 2003).

In summary, almost all the plant hormones, including
SA, JA, ethylene, auxin, ABA, Gibberellin and cytokinin,
have been implicated in playing a direct or indirect role in
plant defenses (Grant and Jones 2009; Bari and Jones 2009;
Spoel et al. 2007). Bacterial pathogens often produce
hormones or hormone like molecules, such as auxin or
coronatine, to interfere with host hormone homeostasis and
signaling, which leads to the suppression of plant immune
responses. Plants have developed successful defense
mechanisms against bacterial-triggered hormone perturba-
tion. Our results suggested that a group of miRNAs work
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coordinately to promote defense responses by regulating
and fine-tuning multiple host hormone signaling pathways
in response to pathogen invasion.

Discrepancy between deep sequencing and Northern
blot for miRNA profiling

Comparing with hybridization-based profiling methods,
such as microarray, Northern blot, and PCR, high-
throughput sequencing-based profiling methods have at
least two advantages. First, they can not only profile the
known genes and known small RNAs, but also detect and
characterize novel transcripts, while hybridization-based
methods can only provide information of the annotated
genes. This advantage is important for identification of
novel transcripts that are expressed under rare conditions,
such as under a peculiar pathogen infection, or at low
abundance. Second, sequencing-based methods can profile
transcripts of single copy, and more importantly have a
resolution of single nucleotide to detect even single
nucleotide polymorphisms. This feature is essential for
distinguishing individual members of a miRNA family that
often differ by one or two nucleotides. In contrast,
hybridization-based methods, such as microarray and
Northern blot, could often detect a combined signal of
individual members of the same miRNA families, due to
the possible cross-hybridization that may not be able to
discriminate a small number of mismatches between a
probe and a sequence annealed. Thus hybridization-based
methods measure the abundance of the intended miRNA
families, not necessarily individual miRNAs.

The discrepancy between the results from Illumina deep
sequencing and Northern blot and miRNA QRT-PCR as
observed in the current study is perhaps due to the differ-
ences between the procedures of these two profiling tech-
niques. A deep-sequencing method often uses small RNA
adaptor ligation that may introduce a bias that some small
RNA species are more likely to be ligated than others
(Chellappan and Jin 2009; Katiyar-Agarwal and Jin 2007).
Some miRNA modifications may also reduce the efficiency
of ligation or even block ligation reactions, whereas small-
RNA Northern blot is based on nucleotide hybridization,
which could reveal all small RNAs that are reverse com-
plementary to the probes for hybridization regardless the
modification. However, Northern blot will not be able to
measure the exact size and sequence distribution at a locus.
Furthermore, PCR amplification is the last step of the
Ilumina small RNA library preparation before sequencing.
PCR is an inherently biased process because it tends to
amplify highly abundant sequences more effectively than
low abundant sequences. Therefore, PCR may exaggerate
the differences between the high abundant and low abun-
dant sequences. This discrepancy between the current
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sequencing-based approaches and hybridization-based
approaches has been observed in a recent comparison of
microarray-based miRNA profiling methods and Illumina
deep sequencing (Git et al. 2010). The observation we
made in the current study is also in agreement with the
result from a comparison of two deep sequencing protocols
for Illumina deep sequencing platform, one used RNA
amplification and the other did not (Kapranov et al. 2010).
The result in (Kapranov et al. 2010) showed that, although
the amplification-based protocol in general preserves the
general trend of abundances of small RNAs, the normal-
ized abundances of individual small RNAs can vary up to
1-2 orders of magnitude in the amplification-based proto-
col versus the non-amplification-based protocol, revealing
the biases introduced in amplification.

In short, the sequencing-based and hybridization-based
small-RNA profiling techniques have their own advantages
and drawbacks. They may provide different measures of
the same transcript in the same biological sample. Like-
wise, two miRNAs (or siRNAs) with similar numbers of
sequencing reads may in fact differ substantially in their
absolute abundances in a sample. Therefore, we must
exercise extra caution when directly compare small RNA
expression information using deep sequencing data and
PCR-based assays or Northern blot hybridization.

Methods

Plant materials, small-RNA library construction
and deep sequencing

Arabidopsis Col-0 was used as the plant material in this
study. Profiling experiments were performed on 4-week-
old Arabidopsis plants grown at 23°C with 12-h light.
Infiltration of the following bacteria Pst DC3000 EV, Pst
DC3000 hrcC, Pst DC3000 (avrRpt2) and mock (10 mM
MgCl,) was carried out as described previously (Katiyar-
Agarwal et al. 2006). The small RNA libraries for deep
sequencing were constructed by 5'phosphate-dependent
method as described (Chellappan and Jin 2009), and the
libraries were sequenced at the Illumina Inc. The raw and
processed sequencing reads are available at NCBI/GEO
under the accession number GSE19694.

Small-RNA Northern blot analysis

For Northern blot analysis 80 pg total RNA was resolved
on 15% denaturing polyacrylamide gel. We used the fol-
lowing oligo probes to detect miRNAs. Blots were exposed
to phosphorscreens and scanned using PhosphorImager
(Molecular dynamics).
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miR160-anti: tggcatacagggagccaggca
miR148-anti: gccagggaagaggcagtgcat
miR822-anti: catgtgcaaatgcttcccgea
miR159-anti: tagagctcccttcaatccaaa
miR162-anti: ctggatgcagaggtttatcga
miR393-anti: ggatcaatgcgatccctitgga
miR158-anti: tgctitgtctacatttggga
miR166-anti: ggggaatgaagcctggtccga
miR408-anti: gccagggaagaggcagtgcat
miR852-anti: cagaactaaggcgcttatctt

Quantitative RT-PCR to quantify miRNA expression
levels

The expression levels of miRNAs were quantified by a
modified quantitative RT-PCR from described (Varkonyi-
Gasic et al. 2007). About 2 ng of DNase I (Invitrogen)
treated total RNA was used for reverse transcription with
artificially designed stem-loop specific RT-primers and
oligo dT primer separately using Superscript III (Invitro-
gen). To capture individual miRNAs, specific stem-loop
RT primers that were complementary to each miRNA by a
six-nucleotide extension at the 3’ end was used. The
specificity of stem-loop RT primers to individual miRNAs
is conferred by a six-nucleotide extension at the 3’ end. The
reaction was incubated at 16°C for 30 min followed by
30 s at 30°C and 42°C and 1 s at 50°C of 60 cycles and
finally 5 min at 85°C. Following RT, quantitative PCR in
real time was performed using SensiMix SYBR (Quantace)
using miRNA specific forward primer and universal
reverse primers as listed below. The comparative threshold
cycle (Ct) method was used for determining relative tran-
script levels (Bulletin 5279, Real-time PCR applications
Guide, Bio-Rad). Actin was used as an internal control.

QmiR159:RT-primer
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA
CTGGATACGACTAGAGC
miR159Fp:CGGCGGTTTGGATTGAAGGGA
qmiR319:RT-primer.
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA
CTGGATACGACGGGAGC

qmiR319Fp: TTGCGGTTGGACTGAAGGGAG
qmiR408:RT-primer.
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA
CTGGATACGACGCCAGG

qmiR408Fp: TTGCGGATGCACTGCCTCTTC
gmiRUniversal Rp: GTGCAGGGTCCGAGGT
ActinF: AGTGGTCGTACAACCGGTATT

ActinR: GATGGCATGAGGAAGAGAGAA

Quantitiative RT-PCR to quantify miRNA targets
expression levels

For QRT-PCR analysis, 5 pg of total RNA was used for
synthesizing cDNA. DNA contamination was removed by
using DNase I (Invitrogen). Amplification of miRNA tar-
gets was carried out using real-time PCR machine (iQ5,
Bio-Rad). The following oligos were used to perform the
quantitative RT-PCR analysis.

miR158-ATFUT1(2g03220)QRTF: CCAAATGTTACT
AACATCAATTC

miR158-ATFUT1(2g03220)QRTR: CGGACCACATC
GCTTGTGAAGCTTT
miR159-MYB33(5g06100)QRTF: TAGATGGGCACG
TATGGCTGCACATTTG
miR159-MYB33(5g06100)QRTR: TACTCTTGACTCC
ACTCAAGTGCCT
miR166-REVOLUTA(5g60690)QRTF: GGATTGCTCT
CAATCGCAGAGG
miR166-REVOLUTA(5g60690)QRTR: CTCACAAAC
TGAGAAGCTGAAGC
miR319-TCP4(3g15030)QRTF:ACCATCACCTTCCTC
CACCGGTTCACC

miR319-TCP4(3g15030)QRTR: AAATAGAGGAAGC
AGAGGACGGCTTGTG
miR408-ARPN(2g02850)QRTF: TAGAGCCGGCGAC
GTTCTTGTGTT

miR408-ARPN(2g02850)QRTR: AAGTTATACGATC
TTTGCCTGAAGTGTA

Preprocessing and normalization of sequence reads

The raw sequence reads were processed to remove reads
with no 3’ sequencing adaptors, of low quality (having at
least an N), or shorter than 17-nt. The adaptor trimming
was done by an in-house program that recursively searches
for the longest subsequence of the adaptor appearing within
a sequencing read. If a raw sequence read did not have a
subsequence of the adaptor longer than 5-nt, it was con-
sidered as carrying no adaptor. The adaptor-trimmed reads
that are longer than 16nt and can map to the Arabidopsis
genome (TAIR version 9.0, from http://www.arabidopsis.
org) and cDNAs (ftp://ftp.arabidopsis.org/home/tair/Genes/
TAIR9_genome_release/TAIR9_sequences/TAIR9_cdna_
20090619) with zero mismatches were retained for further
analysis. The mapping of sequence reads to the genome
and cDNAs were done using Bowtie (http://bowtie-bio.
sourceforge.net/index.shtml).

To facilitate identification of differentially expressed
miRNAs, we normalized the numbers of sequencing reads
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in a small RNA library. For normalization, we assumed the
total number of small RNAs in a cell to be a constant. To
obtain the total number of reads of all small RNAs pro-
duced in the cell, we identified reads that can map to the
Arabidopsis nuclear, chloroplast and mitochondrial gen-
omes as well as the transcripts in available cDNA libraries
since some small RNAs can originate from mRNA splicing
junctions; we called this the number of total mapped reads.
The normalized abundance of a unique small RNA is the
ratio of the number of sequencing reads for the small RNA
and the number of total mapped reads, multiplied by one
million.

Identification of differentially expressed miRNAs

To identify differentially expressed miRNAs across bac-
terial infected and mock treated Arabidopsis plants, we first
mapped the pre-processed sequencing reads to the genomic
loci of the known miRNAs (using Bowtie) based on
miRBase annotation (version 15, http://www.mirbase.org).
We only considered miRNAs that had at least 10 raw
sequencing reads in an infection and the mock conditions
of interest in order to deal with noise in sequencing. In the
mapping, we allowed up to 3-nt shift upstream and down-
stream from the annotated starting locus of a miRNA to
compensate for possible variation in Dicer activities. We
compared DC3000 EV 6-hpi, DC3000 hrcC 6-hpi and Pst
DC3000 (avrRpt2) 6-hpi samples with the mock 6-hpi
plant, and DC3000 EV 14-hpi, DC3000 hrcC 14-hpi
and Pst DC3000 (avrRpt2) 14-hpi samples with the mock
14-hpi. Using normalized sequence reads, candidate dif-
ferentially expressed (DE) miRNAs in an infection condi-
tion were chosen as those whose normalized abundance
increased or decreased by at least threefolds with respect to
the corresponding mock treatments. These candidate DE
miRNAs were further tested using the Chi-square test with
a threshold of 0.05. Only those miRNAs that passed the test
were taken as DE genes. In the statistical test, the null
hypothesis was that no difference for a miRNA between an
infection and the mock treated conditions. The test
involved comparing the observed frequency (number of
reads) of a miRNA under the infection against its expected
frequency in the mock condition.

Microarray data and processing, and miRNA target
genes

Genome-wide mRNA expression profiling data from the
international collaborative AtGenExpress project, available
at TAIR (http://www.arabidopsis.org), were used in our
study. Specifically, we used the microarray dataset for Pst
DC3000 ArcC and Pst DC3000 (EV) collected at 6-hpi
(TAIR Accession number MEO00331), which perfectly

@ Springer

matched two of the experimental conditions of our study.
These datasets and the dataset of its corresponding control
from the Affymetrix microarray platform were normalized
using gcRMA in BioConductor (http://www.bioconductor.

org).

The miRNA target genes we used were from those that
were identified by Parallel Analysis of RNA Ends (PARE)
and reported in the literature, which were collected by the
Meyers lab at (PARE, http://mpss.udel.edu/common/web/
targets.php?SITE=at_pare) and (http://mpss.udel.edu/at/tar

get.php).

Acknowledgments The research was supported in part by NSF
grant DBI-0743797, NIH grants RC1AR05868101 RO1GMO086512
01A1, and U54AI105716006S1, and a grant from Monsanto Company
to W. Zhang; and NSF Career Award MCB-0642843, NIH ROl
GMO093008, a University of California Discovery Grant Bio06-10566
and an AES-CE Research Allocation Award PPA-7517H to H. Jin.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

Abdel-Ghany SE, Pilon M (2008) MicroRNA-mediated systemic
down-regulation of copper protein expression in response to
low copper availability in Arabidopsis. J Biol Chem 283(23):
15932-15945

Achard P et al (2007) The plant stress hormone ethylene controls floral
transition via DELLA-dependent regulation of floral meristem-
identity genes. Proc Natl Acad Sci USA 104:6484-6489

Chellappan P et al (2010) siRNAs from miRNA sites mediate DNA
methylation of target genes. Nucleic Acids Res [Epub ahead of
print-online available]

Bari R, Jones JD (2009) Role of plant hormones in plant defence
responses. Plant Mol Biol 69:473-488

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116:281-297

Baulcombe D (2004) RNA silencing in plants. Nature 431(7006):
356-363

Carthew RW, Sontheimer EJ (2009) Origins and mechanisms of
miRNAs and siRNAs. Cell 136:642-655

Chellappan P, Jin H (2009) Discovery of plant microRNAs and short-
interfering RNAs by deep parallel sequencing. Methods Mol
Biol 495:121-132

Chen Z et al (2007) Pseudomonas syringae type III effector AvrRpt2
alters Arabidopsis thaliana auxin physiology. Proc Natl Acad
Sci USA 104:20131-20136

Chisholm ST et al (2006) Host-microbe interactions: shaping the
evolution of the plant immune response. Cell 124(4):803-814

de Torres-Zabala M et al (2007) Pseudomonas syringae pv. tomato
hijacks the Arabidopsis abscisic acid signalling pathway to cause
disease. EMBO J 26:1434-1443

Dunoyer P, Himber C, Voinnet O (2006) Induction, suppression and
requirement of RNA silencing pathways in virulent Agrobacte-
rium tumefaciens infections. Nat Genet 38(2):258-263

Fahlgren N et al (2007) High-throughput sequencing of Arabidopsis
microRNAs: evidence for frequent birth and death of MIRNA
genes. PLoS ONE 2:e219


http://www.mirbase.org
http://www.arabidopsis.org
http://www.bioconductor.org
http://www.bioconductor.org
http://mpss.udel.edu/common/web/targets.php?SITE=at_pare
http://mpss.udel.edu/common/web/targets.php?SITE=at_pare
http://mpss.udel.edu/at/target.php
http://mpss.udel.edu/at/target.php

Plant Mol Biol (2011) 75:93-105

105

Gibbings D, Voinnet O (2010) Control of RNA silencing and
localization by endolysosomes. Trends Cell Biol 20(8):491-501

Git A et al (2010) Systematic comparison of microarray profiling,
real-time PCR, and next-generation sequencing technologies
for measuring differential microRNA expression. RNA 16:991—
1006

Grant MR, Jones JD (2009) Hormone (Dis)harmony moulds plant
health and disease. Science 324:750-752

Guilfoyle TJ, Hagen G (2007) Auxin response factors. Curr Opin
Plant Biol 10:453—460

He XF et al (2008) Characterization of conserved and novel
microRNAs and their targets, including a TuMV-induced TIR-
NBS-LRR class R gene-derived novel miRNA in Brassica.
FEBS Lett 582:2445-2452

Jagadeeswaran G, Saini A, Sunkar R (2009) Biotic and abiotic stress
down-regulate miR398 expression in Arabidopsis. Planta 229:
1009-1014

Jin HL (2008) Endogenous small RNAs and antibacterial immunity in
plants. Febs Lett 582(18):2679-2684

Jones JDG, Dangl JL (2006) The plant immune system. Nature
444(7117):323-329

Kapranov P et al (2010) New class of gene-termini-associated human
RNAs suggests a novel RNA copying mechanism. Nature
466:642-646

Katiyar-Agarwal S, Jin H (2007) Discovery of pathogen-regulated
small RNAs in plants. Methods Enzymol 427:215-227

Katiyar-Agarwal S et al (2006) A pathogen-inducible endogenous
siRNA in plant immunity. Proc Natl Acad Sci USA 103(47):
18002-18007

Katiyar-Agarwal S et al (2007) A novel class of bacteria-induced
small RNAs in Arabidopsis. Genes Dev 21(23):3123-3134

Lamb C, Dixon RA (1997) The oxidative burst in plant disease
resistance. Annu Rev Plant Physiol Plant Mol Biol 48:251-275

Li Y et al (2010) Identification of microRNAs involved in pathogen-
associated molecular pattern-triggered plant innate immunity.
Plant Physiol 152:2222-2231

Lu S et al (2007) MicroRNAs in loblolly pine (Pinus taeda L.) and
their association with fusiform rust gall development. Plant J
51:1077-1098

Melotto M et al (2006) Plant stomata function in innate immunity
against bacterial invasion. Cell 126:969-980

Millar AA, Gubler F (2005) The Arabidopsis GAMYB-like genes,
MYB33 and MYBG65, are microRNA-regulated genes that
redundantly facilitate anther development. Plant Cell 17(3):
705-721

Navarro L et al (2006) A plant miRNA contributes to antibacterial
resistance by repressing auxin signaling. Science 312(5772):
436-439

Navarro L et al (2008) Suppression of the microRNA pathway by
bacterial effector proteins. Science 321(5891):964-967

Padmanabhan C, Zhang X, Jin H (2009) Host small RNAs are big
contributors to plant innate immunity. Curr Opin Plant Biol 12:
465-472

Pruss GJ, Nester EW, Vance V (2008) Infiltration with Agrobacte-
rium tumefaciens induces host defense and development-depen-
dent responses in the infiltrated zone. Mol Plant Microbe Interact
21:1528-1538

Reyes JL, Chua NH (2007) ABA induction of miR159 controls
transcript levels of two MYB factors during Arabidopsis seed
germination. Plant J 49:592-606

Rubio-Somoza I et al (2009) Regulation and functional specialization
of small RNA-target nodes during plant development. Curr Opin
Plant Biol 12:622-627

Schommer C et al (2008) Control of jasmonate biosynthesis and
senescence by miR319 targets. PLoS Biol 6(9):¢230

Spoel SH, Dong XN (2008) Making sense of hormone crosstalk
during plant immune responses. Cell Host Microbe 3(6):348-351

Spoel SH, Johnson JS, Dong X (2007) Regulation of tradeoffs
between plant defenses against pathogens with different life-
styles. Proc Natl Acad Sci USA 104:18842-18847

Sunkar R, Kapoor A, Zhu JK (2006) Posttranscriptional induction of
two Cu/Zn superoxide dismutase genes in Arabidopsis is
mediated by downregulation of miR398 and important for
oxidative stress tolerance. Plant Cell 18:2051-2065

Sunkar R et al (2007) Small RNAs as big players in plant abiotic
stress responses and nutrient deprivation. Trends Plant Sci
12:301-309

Tao Y et al (2003) Quantitative nature of Arabidopsis responses during
compatible and incompatible interactions with the bacterial
pathogen Pseudomonas syringae. Plant Cell 15:317-330

Trindade I et al (2010) miR398 and miR408 are up-regulated in
response to water deficit in Medicago truncatula. Planta
231(3):705-716

Varkonyi-Gasic E et al (2007) Protocol: a highly sensitive RT-PCR
method for detection and quantification of microRNAs. Plant
Methods 3:12

Wang D et al (2007) Salicylic acid inhibits pathogen growth in plants
through repression of the auxin signaling pathway. Curr Biol
17:1784-1790

Zhang W et al (2010) Multiple distinct small RNAs originated from
the same microRNA precursors. Genome Biol 11:R81

@ Springer



	Bacteria-responsive microRNAs regulate plant innate immunity by modulating plant hormone networks
	Abstract
	Introduction
	Results
	Identification of Pst-regulated miRNAs by deep sequencing
	Expression validation using small RNA Northern blot analysis
	Expression analysis of the targets of bacteria-regulated miRNAs

	Discussion
	miRNAs orchestrate hormone signaling pathways for defense response in plant
	Discrepancy between deep sequencing and Northern blot for miRNA profiling

	Methods
	Plant materials, small-RNA library construction and deep sequencing
	Small-RNA Northern blot analysis
	Quantitative RT-PCR to quantify miRNA expression levels
	Quantitiative RT-PCR to quantify miRNA targets expression levels
	Preprocessing and normalization of sequence reads
	Identification of differentially expressed miRNAs
	Microarray data and processing, and miRNA target genes

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


